Haemophilus ducreyi is a hemin-requiring bacterium causing the genital ulcer disease chancroid. Previously we demonstrated that the heat shock protein GroEL was immunogenic and possibly highly expressed in a mammalian host. The present study was initiated to (i) determine the relative amounts of GroEL expressed by H. ducreyi during in vitro exposure to stresses and (ii) evaluate whether a high level of GroEL is directly or indirectly required for survival and adherence of stressed H. ducreyi. Using scanning densitometry of sodium dodecyl sulfate-polyacrylamide gel electrophoresis protein profiles, we found that H. ducreyi expressed high basal levels of GroEL, averaging fivefold greater than in Escherichia coli. These high GroEL levels increased up to twofold upon exposure of the organism to heat shock or high levels of hydrogen peroxide and during adherence to two human genital cell lines. Furthermore, when the gene for DnaK was present on a multicopy plasmid in H. ducreyi, a 1.8-fold increase in DnaK and a 2.3-fold reduction in GroEL were seen. These results suggest that DnaK serves as a negative modulator of H. ducreyi GroEL. Subsequently we found that H. ducreyi with lower GroEL had diminished ability to survive when challenged by heat and oxidative stresses. In addition, the long, parallel chains characteristic of virulent strains of H. ducreyi were absent when GroEL was lowered, so that fewer bacterial cells adhered to the human cells. These results suggest that the unusually high basal levels of GroEL are involved, either directly or indirectly, in the survival, chaining, and adherence of H. ducreyi in the presence of the combined stresses of the host environment.
The sexually transmitted pathogen Haemophilus ducreyi grows best in vitro at 32 to 33°C, with viability decreasing rapidly at 37°C. Viable H. ducreyi is not able to spread systemically from skin lesions during human infection, suggesting that the temperature sensitivity seen in vitro contributes to the organism's inability to persist at 37°C in vivo. Preferential survival of H. ducreyi on the (lower-temperature) surface of the host may enhance its transmission during sexual intercourse. However, during in vivo growth when transient exposures to the core temperature of human hosts would occur, it is likely that heat shock proteins play a critical role in survival of H. ducreyi.
Owing to their involvement in protein folding and renaturation, the molecular chaperones and chaperonins that are heat shock proteins stabilize essential and virulence-related proteins in bacterial pathogens during exposure to environmental stress (14, 15) . A general role for the Hsp60 (GroEL and GroES) and Hsp70 (DnaK and DnaJ) families in the foldingassembly pathways for many proteins has been established in Escherichia coli (7, 14, 37, 39) . Specifically, proteins from the Hsp70 and Hsp60 families are involved in the synthesis of flagellin in E. coli (32) and Borrelia burgdorferi (31) . In addition, GroES and GroEL (Hsp60) are involved in efficient folding of gene regulators in Klebsiella pneumoniae (16) , Vibrio fischeri (7) , and Rhizobium meliloti (13) . And in Helicobacter pylori, GroEL may be involved in extracellular stabilization of the virulence-related enzyme urease (8) . These results suggest that the role of heat shock proteins in facilitating protein secondary and tertiary structure is critically important for bacterial pathogens in their survival and expression of virulencerelated proteins.
The prokaryotic heat shock response, which involves transient expression of Hsp60, Hsp70, and other heat shock proteins, is subject to both positive and negative regulation. A consensus sequence for E. coli heat shock gene promoters was described in 1985 (5), suggesting that a specific sigma factor was involved as a positive regulator. Moreover, bacteria that overproduced DnaK (Hsp70) protein at all temperatures had a drastically reduced heat shock response at high temperature (34) , suggesting that DnaK was an inhibitor of the heat shock response in E. coli. Subsequently, the involvement of DnaK, DnaJ, and GrpE in the negative modulation of the E. coli heat shock response through interaction with the positive regulator sigma-32 has been well documented (2, 23 ; reviewed in references 15 and 38).
A previous report from our laboratory described the H. ducreyi groE heat shock operon, encoding GroES and GroEL (28) . RNA and protein analyses demonstrated that this operon is highly expressed in both exponential-and stationary-phase H. ducreyi (3, 28) , and GroEL is immunogenic in human chancroid patients and in animals inoculated with live H. ducreyi (3, 28, 36) . The H. ducreyi groE transcriptional start site is preceded by a promoter with significant homology to the E. coli consensus heat shock promoter recognized by sigma-32 (5). This homology suggested that DnaK is involved as a negative modulator of heat shock gene expression via interaction with the sigma-32 homolog.
In the present study, we found a basal level of H. ducreyi GroEL that was up to fivefold greater than the GroEL basal level found in E. coli. We also demonstrated that GroEL levels were further increased during exposure of H. ducreyi to environmental stresses such as heat shock. In addition, when DnaK was overexpressed in H. ducreyi, GroEL expression decreased.
McGaw Park, Ill.), and permanently mounted onto slides. Interactions between H. ducreyi and the tissue culture cells were evaluated by light microscopy with a Labphot microscope (Nikon Corp., Tokyo, Japan). Photographs were taken at a magnification of ϫ1,000 with Kodak ASA 100 and 125 high-contrast color print film.
Expression of GroEL in adherent H. ducreyi. Two strains of H. ducreyi were grown in midhemin broth for 18 h at 32°C prior to inoculation of monolayers of Caski cells or human foreskin fibroblasts (HFF) in E-FBS. After 4 h of adherence at 32°C, nonadherent bacteria were washed off, and the incubation was continued for another 20 h at the same temperature. At 24 h, fresh E-FBS with 50 g of cycloheximide per ml was added and incubated for 45 min (to eliminate eukaryotic protein synthesis), followed by removal of this medium and addition of E-FBS Ϫmet containing 50 g of cycloheximide per ml and 20 Ci of [ 35 S]methionine per ml. The incubation was then continued for another 45 min at 32°C, and washed adherent cells were solubilized in 1ϫ SDS protein stop mix. As described above, the labeled proteins were separated on SDS-PAGE gels, and labeled bands were quantitated by autoradiography and scanning densitometry.
RESULTS
A GroEL homolog is highly expressed in H. ducreyi. The most predominant protein present in H. ducreyi strains grown at 32°C (Fig. 1A) has a molecular mass of approximately 60 kDa. Scanning densitometry shows that this predominant protein represents an average of 10% of the total soluble protein in the virulent strain 35000 (lane 1) and an average of 6% in the avirulent strains A76 (lane 2) and A77 (data not shown). This protein was identified as the GroEL (Hsp60) homolog by reactivity in Western blots with antiserum to E. coli GroEL (Fig. 1B) and will be referred to in this report as H. ducreyi GroEL.
GroEL levels increase when H. ducreyi is exposed to common environmental stresses. (i) Heat shock. [ 35 S]methionine labeling of H. ducreyi proteins indicated that the level of GroEL increased after heat shock in H. ducreyi an average of 1.9-fold at 37°C, 2.1-fold at 40°C, and 2.3-fold at 42°C. A representative experiment using strains 35000 and A77 is shown in Fig. 2 .
Two other proteins also shown in Fig. 2 2), previously grown on CA-RB slants, was subjected to SDS-7.5% PAGE and then immunoblotted with polyclonal antiserum to E. coli GroEL (immunoglobulin G) (Epicentre Technologies, Madison, Wis.). E. coli was incubated at 37°C, while H. ducreyi was incubated at 33°C. In both panels, the sizes of the protein standards (Std) are indicated (in kilodaltons). Arrows indicate the prominent 60-kDa protein.
homolog by reactivity in Western blots with antiserum to E. coli DnaK (data not shown), and an unidentified 87-kDa protein, similar in size to a 90-kDa protease induced by heat shock in E. coli (15) .
(ii) Stationary phase. The amount of GroEL present in H. ducreyi at various times during the growth curve was determined with SDS-PAGE gels (Fig. 3 ). There was a gradual increase in the level of GroEL, as determined by scanning densitometry (2.2-fold in strain 35000 and 1.4-fold in A77) as the cells entered stationary phase (36 to 44 h [28] ).
(iii) Oxidative stress: exposure to hydrogen peroxide. GroEL expression was evaluated following a 45-min exposure of the catalase-negative H. ducreyi to low (0.2 mM) and high (2 mM) concentrations of hydrogen peroxide by using [ 35 S]methionine labeling of proteins. GroEL expression was found to increase slightly in strain 35000 following exposure to both concentrations of hydrogen peroxide (1.2-and 1.4-fold increases, respectively) (data not shown). Similar increases were seen with strain A77.
(iv) Adherent H. ducreyi. An in vitro assay that differentiated virulent and avirulent strains of H. ducreyi by their adherence phenotype at 32°C was previously developed in this laboratory (27) . In this assay, both virulent strain 35000 and avirulent strain A77 were capable of adhering to the human genital cells. However, substantial differences in the grouping of the adherent bacteria were noted. Strain 35000 adhered as long, thick ropes of parallel chains of bacilli (Fig. 4A) . These thick mats of bacteria were seen intertwined around and between the human cells and appeared similar to the "railroad tracks" or "shoals of fish" characteristic of H. ducreyi seen in smears taken from chancroidal ulcers and buboes (36) . In contrast, the long, parallel chains were not seen with avirulent strain A77. Instead, these bacteria adhered to the human cells in small groups and short chains (Fig. 4B ), even after 24 h of interaction.
This in vitro cell culture assay was used in the present study to determine whether expression of GroEL in H. ducreyi was influenced by adherence to human cells. As compared with the percentage of [ 35 S]methionine-labeled GroEL in H. ducreyi suspended in E-FBS, the percentage of GroEL in adherent cells of strain 35000 increased 1.6-and 1.9-fold during interaction with Caski cells and HFF cells, respectively (data not shown). GroEL expression also increased in adherent cells of strain A77, with GroEL percentages increasing 1.4-and 2.5-fold during interaction with Caski cells and HFF cells, respectively.
Presumptive involvement of H. ducreyi DnaK in negative modulation of expression of the GroE proteins. In E. coli, GroEL expression is modulated by proper functioning and levels of DnaK (23) . H. ducreyi DnaK was identified by us and others as a 78-kDa heat-inducible protein (3) (Fig. 2) . The gene for H. ducreyi DnaK was amplified by PCR and a set of degenerate oligonucleotide primers for highly conserved regions in Hsp70 homologs (unpublished data). Subsequently, a chromosomal fragment containing H. ducreyi dnaK was subcloned into a multicopy H. ducreyi plasmid, pLS88, to create pHDk4, and both plasmids were transformed into H. ducreyi 35000 by electroporation, resulting in 35000-KJ, containing pHDk4, and 35000-PL, containing pLS88.
As shown in Fig. 5A , an increase in expression of DnaK in H. ducreyi 35000-KJ correlated with decreased expression of GroEL. In addition to GroEL, decreased expression of both GroES and the unidentified 87-kDa heat-induced protein (Fig.  2) was observed in strain 35000-KJ. Analysis of gels by phosphorimaging showed that basal levels of DnaK in H. ducreyi 35000-KJ increased 1.8-fold over that seen in 35000-PL, while basal levels of GroEL decreased 2.3-fold (Fig. 5B) . Such decreases in expression of heat shock proteins in H. ducreyi following overexpression of DnaK provide presumptive evidence that, as in E. coli, DnaK functions as a negative modulator of the heat shock response.
Alterations in heat shock protein expression results in diminished survival and adherence of stressed H. ducreyi. (i) Bacterial growth. Growth at different temperatures was compared for H. ducreyi 35000-KJ and 35000-PL. When absorbance readings were compared at 24, 48, 72, and 96 h, there were no differences in cell densities of the two strains incubated at 32°C. However, at 37°C, the strain with lowered GroEL (35000-KJ) grew in midhemin broth to cell densities that averaged only 42% of cell densities for strain 35000-PL, which expressed GroEL levels normal for H. ducreyi.
(ii) Cell viability. Cell viability (CFU) was also compared for strains 35000-KJ and 35000-PL. Duplicate tubes of midhemin broth were inoculated with an 18-h 32°C broth culture of each strain and incubated at either 32 or 37°C. Following 24-h incubation, the viable counts for strains 35000-KJ and 35000-PL incubated at 37°C were 3 and 41%, respectively, of those in the identical suspensions grown at 32°C. Differences in survival were also seen when 18-h 32°C broth cultures were heat shocked for 3 h at 40°C; only 2% of the original inoculum of strain 35000-KJ survived, compared with 26% survival for 35000-PL. Additionally, after 24 h of heat shock at 37°C, viable counts for 35000-KJ were 0.04% of the original inoculum, compared with 18% for 35000-PL. These results clearly show that growth and/or survival of H. ducreyi at 37°C is adversely affected by the presence of the plasmid containing the gene for 
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DnaK, and the adverse affect may be due to the decrease in GroEL.
(iii) Bacterial growth following hydrogen peroxide challenge. Visible bacterial growth in plastic 24-well tissue culture wells containing twofold dilutions of hydrogen peroxide (2.5 to 0.15 mM) was used to compare the sensitivity of the two strains of H. ducreyi to oxidative stress. As shown in Table 1 , the cells with low GroEL (35000-KJ) were two-to fourfold more sensitive to oxidative stress than were cells with normal GroEL levels (35000-PL) when challenge occurred at 37°C. Interestingly, stationary-phase H. ducreyi, regardless of GroEL level, were more sensitive than log-phase cells to combined heat and oxidative challenges. In contrast, stationary-phase E. coli are more resistant to oxidative stress than vegetative-phase cells (11) .
(iv) Adherence to cultured human cells. The tissue culture system that was described previously (Fig. 4 ) was used to determine whether H. ducreyi 35000-KJ would be capable of adherence to HFF. As shown in Fig. 6B , H. ducreyi 35000-KJ was not present on the HFF monolayer in quantities comparable to that of strain 35000-PL (Fig. 6A) . Differences in cellular morphology of the adherent H. ducreyi 35000-KJ and 35000-PL can also be seen in Fig. 6 . The distinctive chaining characteristic of virulent strains of H. ducreyi is also diminished in 35000-KJ. These results suggest either direct or indirect involvement of GroEL with bacterial proteins participating in chaining and adherence.
DISCUSSION
The highly conserved 60-kDa molecular chaperonin GroEL was found to be the predominant protein in H. ducreyi, representing approximately 10% of total cellular proteins at 32°C, with an increase to 20% following 37 to 40°C heat shock. This high level of GroEL is significantly greater than in other bacteria. In E. coli, GroEL represents 1.6 to 2% of the total cellular protein at 37°C, with an increase to 12 to 15% following 42°C heat shock (18, 26) . Similar low basal levels of GroEL (approximately 2% of total cellular proteins in stained protein gels, confirmed by Western blots) were noted by us in seven strains of Haemophilus influenzae and Haemophilus parainfluenzae (data not shown). Thus, the high basal levels of GroEL in H. ducreyi are not shared by the other Haemophilus species or E. coli, suggesting that this protein plays a more prominent role in the physiology of H. ducreyi than in these other bacterial species.
Some heat shock proteins, including the GroE homologs, can be induced by the nutrient starvation associated with the onset of stationary phase (20, 33) . In addition, low-level induction of the groE operon by oxidative stress has been described in other gram-negative bacteria (9, 11, 22) , and GroEL expression has been shown to be upregulated in bacterial pathogens during growth in mammalian cells (4, 10) . In the present study, we found that GroEL was induced in H. ducreyi by heat shock and also during exposure to the following conditions: stationary-phase growth, exposure to hydrogen peroxide, and adherence to human cells.
FIG. 4. Adherence of H. ducreyi to Caski cervical carcinoma cells. H. ducreyi 35000 (A) and A77 (B)
, previously grown for 24 h in HRB-1, were used to inoculate monolayers of Caski cells (approximately 4 bacteria/Caski cell). Following 1.5 h of adherence at 33°C in E-FBS, nonadherent bacteria were washed off, fresh E-FBS was added, and incubation was continued for 22.5 h at 33°C before the coverslips were washed and stained with Diff-Quik. Adherent cells were photographed with a Nikon Labphot microscope under oil immersion (original magnification, ϫ1,000).
The promoter region upstream from the H. ducreyi groE transcriptional start site (28) is homologous with consensus heat shock promoters recognized by sigma-32. This homology suggests that sigma-32, the positive regulator of the heat shock response in E. coli, is present in H. ducreyi. Consensus sigma-32 promoters have been found preceding groES/EL and dnaK heat shock genes in most gram-negative eubacteria. DnaK, together with DnaJ, is involved in negative modulation of the heat shock response in E. coli by binding and inactivating sigma-32 (23) . The conserved heat shock promoter seen in the H. ducreyi groE operon, suggestive of the presence of a sigma-32 homolog, further indicates that DnaK could be involved in modulation of the H. ducreyi heat shock response.
DnaK had previously been found to be present and heat inducible in H. ducreyi (3). However, basal levels of GroEL in H. ducreyi were up to fivefold greater than basal levels of GroEL in E. coli, suggesting that DnaK might not be capable of negative regulation of the heat shock response in H. ducreyi. Thus, we cloned and sequenced H. ducreyi dnaK (unpublished data) and found that the deduced amino acid sequence of H. ducreyi DnaK shared 83% identity and 89% similarity with the E. coli homolog. However, we did obtain evidence for preferential transcription and translation of the H. ducreyi groE operon compared with the gene for DnaK (unpublished data).
We found that the genes for both DnaK and DnaJ were on the cloned 5.4-kb H. ducreyi fragment in pHDk4. However, we were unable to visualize a 40-kDa heat-inducible protein (DnaJ) in H. ducreyi. In E. coli, the relative level of expression of DnaJ (Hsp40) is much less than that of DnaK, even though the genes are thought to be cotranscribed (2) . This disparity has been attributed to infrequent translation initiation of dnaJ. Nevertheless, E. coli DnaJ has been shown to contribute to negative modulation of the heat shock response, but because of the complex interaction of the molecular chaperones, it has been difficult to tease apart the functions of the individual proteins. Thus, it is not known whether the multiple copies of dnaJ present on the cloned fragment contributed to the present results seen in H. ducreyi.
However, we did obtain evidence for overexpression of DnaK in H. ducreyi 35000-KJ (Fig. 5A) , and DnaK overexpression was found to correlate with lowered expression of GroEL and other heat shock proteins. This offers presumptive evidence that DnaK, and perhaps DnaJ, is capable of negatively modulating the heat shock response in H. ducreyi. These results are similar to those seen in E. coli, when a twofold increase in expression of DnaK and DnaJ led to decreased expression of GroEL (25) .
It had previously been shown that GroEL and GroES are essential for growth in E. coli (12) , and strains lacking sigma-32 cannot grow at temperatures above 20°C, primarily because of the insufficient levels of GroEL and GroES (40) . When GroEL was reduced to 25% of that of the wild type in E. coli, the growth rate was 20% lower than that of wild-type E. coli at 30 and 37°C, with no growth seen at 42°C (21) . In another study, a dramatic increase (13.6-fold) in DnaK and DnaJ resulted in reduced cell viability in E. coli (2); however, it was not determined whether the adverse effects observed in E. coli were due to the high levels of DnaK or to lower levels of GroEL.
In the present study, overexpression of DnaK, and presumably DnaJ, enabled us to analyze the ability of H. ducreyi with lowered GroEL to survive in the presence of common environmental stresses. When GroEL levels were lowered in H. ducreyi, survival of unstressed organisms was similar to that of wild-type cells. However, when the bacterial cells were stressed by heat, those with low GroEL showed a diminished ability to multiply and also an increased susceptibility to hydrogen peroxide. These results suggest that the high basal level of GroEL seen in wild-type cells is required for H. ducreyi to renature VOL. 65, 1997 EFFECTS OF DnaK AND GroEL LEVEL ON STRESSED H. DUCREYIdamaged essential proteins needed to multiply in vivo in the presence of accumulating heat stress coupled with oxidative stress. Interestingly, stationary-phase H. ducreyi, regardless of GroEL level, was more sensitive than log-phase cells to combined heat and oxidative stresses (Table 1 ). These results are very different from those of previous studies with E. coli, where starvation was found to induce protection against both heat and hydrogen peroxide challenges (24, 29) . Additionally, E. coli DnaK was found to be required for starvation-induced thermotolerance and hydrogen peroxide resistance (29) . When DnaK was overproduced in stationary-phase H. ducreyi 35000-KJ, this organism became more sensitive than the wild type to oxidative and thermal stress. These results suggest that DnaK is not capable of protecting stationary-phase cells from environmental stress in H. ducreyi, while GroEL, which was found to increase slightly upon entry into stationary phase (Fig. 3) , might offer some protection.
In addition, the long, tangled chains of H. ducreyi adhering to HFF were not seen in strain 35000-KJ containing altered levels of DnaK and GroEL (Fig. 6B) . These results suggest that the high basal levels of GroEL are necessary for the proper folding of protein(s) needed for H. ducreyi chaining and/or adherence to host cells. Interestingly, the avirulent strains of H. ducreyi, A76 and A77, which are incapable of forming long adherent chains in the cell culture model (Fig.  4B) , also expressed lower levels of GroEL (Fig. 1 to 3) , providing another link between GroEL levels and adherence and/or chaining.
In summary, the results of this study demonstrate that the high level of GroEL is involved, either directly or indirectly, in the survival of stressed H. ducreyi and further suggest that a virulence-related phenotype (adherence and/or chaining) is influenced by cellular levels of GroEL.
